Optimal application methods of organic poultry feather meal for flue-cured tobacco (Nicotiana tabacum L.) production are unknown. Research was conducted in 2012 and 2013 to quantify the effects of two poultry feather meal sources, 13-0-0 Nature Safe and 12-1-0 Nutrimax, applied using three different methods: 100% broadcast before transplanting, 50% broadcast before transplanting + 50% sidedress, 10 d after transplanting, and 100% sidedress 10 d after transplanting. A conventional N treatment comprised of 28% liquid urea-ammonium nitrate (UAN) was split-applied 10 d after transplanting and at layby. Leaf yield was similar between each individual organic N treatment and UAN. Nature Safe applied 100% sidedress resulted in leaf N concentration and cured leaf quality similar to UAN. In the absence of the UAN treatment, application method typically had a greater impact on measurements than feather meal source. Leaf N concentration was generally increased with the 100% sidedress application, most likely due to closer nutrient proximity relative to roots. Increased N assimilation from 100% sidedress treatments also produced a slightly darker leaf color as quantified by Soil Plant Analysis Development (SPAD) measurements and a higher total alkaloid concentration in cured leaves. Leaf yield was similar among application methods in 2012, but was highest in the 100% sidedress treatment in 2013 due to high early season rainfall. Results from this study demonstrate the effectiveness of both feather meal sources and that 100% sidedress applications may prove ideal under a range of environmental conditions commonly encountered in North Carolina. 
W ith a total farm gate value in excess of US$790 million, flue-cured tobacco (Nicotiana tabacum L.) production accounts for nearly 7% of total farm cash receipts in the state of North Carolina (NCDA, 2016) . Organic tobacco production is a relatively new yet profitable marketing opportunity for producers that contributes more than US$38.9 million (USDA-NASS, 2017) to the North Carolina agricultural economy. At present, it is estimated that 119 North Carolina farming operations are involved in the production of organic tobacco (USDA-NASS, 2017) . Despite high economic return and significant interest among growers, many questions persist regarding the application method of organic N sources.
In conventional flue-cured tobacco systems, N application most commonly occurs twice between transplanting and layby (which is approximately 4 to 6 wk after transplanting) (Moore and Harris, 2013; Reed, 2017; Smith, 2012) . Individually, each application delivers one-half of the desired total N rate to reduce injury from soluble salts and losses from leaching during excessive rainfall events (Moore and Harris, 2013; Reed, 2017; Smith, 2012) . Banded, sidedress applications that incorporate fertilizers into the soil are most commonly utilized by producers in this system (Tso, 1990; Vann et al., 2013) . This program is made feasible by the high mineral N content (75-100%) exhibited by tobacco grade fertilizers (Smith, 2012 ) that should promote rapid assimilation and limit late-season N availability (Collins and Hawks, 2013) .
Nitrogen management in flue-cured tobacco production should ensure that sufficient N is available during periods of rapid plant growth, and that soil reserves become exhausted at or immediately after flowering (approximately 8-10 wk after transplanting) (Peedin, 1999) . Should N assimilation continue after flowering, the initiation of harvest will be delayed and significant curing difficulties, such as prolonged leaf yellowing and non-uniform cured leaf color, are likely to be experienced (Peedin, 1999) . In addition, tobacco that is overfertilized with N, or that is not allowed to sufficiently ripen prior to harvest, often brings a lower selling price at market due to undesirable smoking qualities (Flower, 1999) .
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MeTHodS And MATeRIALS
Site and experimental design Field experiments were conducted at the Lower Coastal Plain Research Station (LCPRS) located in Kinston, NC, and the Oxford Tobacco Research Station (OTRS) located in Oxford, NC, during the 2012 and 2013 growing seasons. Tobacco was produced on a Norfolk sandy loam soil (fineloamy, kaolinitic, thermic Typic Kandiudults) at the LCPRS in both years of the study, and a Helena sandy loam (fine, mixed, semiactive, thermic Aquic Hapludults) and Appling sandy loam (fine, kaolinitic, thermic Typic Kanhapludults) at the OTRS in 2012 and 2013, respectively.
Treatments were replicated four times in all environments in a randomized complete block design with a 2 (main effect of poultry feather meal source) × 3 (main effect of N application method) factorial treatment arrangement. Individual plots contained four treated rows, each 4.5 m wide by 13.7 m long at the LCPRS and 4.9 m wide by 13.7 m long at the OTRS. The center two rows of each plot were used for data collection and harvest. The flue-cured tobacco cultivars NC 71 and NC 196 (Gold Leaf Seed Company, Hartsville, SC) were produced at the LCPRS in 2012 and 2013, respectively. The cultivar CC 27 (Cross Creek Seed Company, Raeford, NC) was used in both OTRS environments. Planting density in all environments was 14,820 plants ha -1 .
description of nutrient Sources and Application Methods
Two Organic Materials Review Institute (OMRI)-approved poultry feather meal N sources were evaluated, Nature Safe 13-0-0 and Nutrimax 12-1-0. Materials were selected based on their high N content, low P content, and commercial availability to tobacco producers. In addition, both materials exhibited different physical properties that may impact N availability, with Nature Safe being pelleted and Nutrimax having a nonpelletized consistency. Both N sources were applied using three different methods: 100% broadcast prior to transplanting, 50% broadcast prior to transplanting + 50% sidedress 10 d after transplanting, and 100% sidedress 10 d after transplanting. An additional treatment of liquid 28% urea-ammonium nitrate (UAN) was applied within each environment for conventional comparison. Nitrogen application rate was the same for each treatment within an environment and was based on recommendations put forth by Smith (2012) . Application rates for the LCPRS and the OTRS were 73 and 79 kg N ha -1 , respectively.
Field operations
Research was designed to evaluate the effects of two poultry feather meal sources and three application methods; however, field sites were not organically certified and general management practices employed to prevent influences, such as excessive weed interference, that might confound experimental results and interpretation were not organically certified. Examples of these practices are the use of herbicides for weed suppression and synthetic suckercides for axillary bud control (Fisher, 2012) . The herbicides clomazone (2-[(2-chlorophenyl) methyl]-4,4-dimethyl-3-isoxazolidinone) (840 g a.i. ha -1 ) and sulfentrazone (N-{2,4-dichloro-5-[4-(difluoromethyl)-3-methyl-5-oxo-4,5-dihydro-1H-1,2,4-triazol-1-yl]phenyl}methanesul-fonamide) (1750 g a.i. ha -1 ) (FMC Corporation, Philadelphia, PA) were applied 24 h prior to transplanting and incorporated into the soil using a field cultivator. In addition, the synthetic suckercide maleic hydrazide (l,2-dihydropyridazine-3,6-dione) (2520 g a.i. ha -1 ) (Fair Products Inc., Cary, NC) was utilized for axillary bud suppression after flower removal. Similar approaches to organic research have been accepted (Mischler et al., 2010; Spargo et al., 2016; Vann et al., 2017) .
Nitrogen percentage, as indicated by the manufacturer of each fertilizer source, was used to calculate the total quantity of material applied within each treatment. Broadcast applications were delivered and incorporated into the soil with a tractor-mounted field cultivator immediately prior to bedding. Transplanting occurred immediately after bedding, and was then followed by sidedress applications 10 d later. Sidedress applications were placed by hand into a single furrow adjacent to each plot row, approximately 10.2 cm away from the row-ridge at a 10.2-cm depth. Dates for transplanting were as follows: 19 Apr. 2012 and 15 Apr. 2013 at the LCPRS and 8 May 2012 and 16 May 2013 at the OTRS. Applications of UAN were delivered with a CO 2 -pressurized backpack sprayer containing a single TG-3 full-cone nozzle at an operating pressure range of 100 to 125 kPa. Sidedress placement of UAN was a single band per plot row, 10.2-cm away from the row-ridge at a 10.2-cm depth.
data Collection
Leaf N concentration was quantified at three intervals during each growing season: at layby (4-6 wk after transplanting, when plant height was 40 cm), at flowering (8-10 wk after transplanting, when plant height was 120 cm), and after curing. At the layby and flowering intervals, green leaf samples were collected from the fourth leaf below the apical meristem of five randomly chosen plants within each plot. Leaf dimensions for each sample were approximately 10 cm in width and 15 cm in length. Cured leaf samples were comprised of a weighted sample representing the four harvested stalk positions. Leaf samples were dried at 65°C for 72 h and ground to <80 mesh. Total N concentration was quantified using the Macro-Kjeldahl method described by Nelson and Sommers (1973) at the North Carolina State University Tobacco Analytical Services Lab.
Leaf color and chlorophyll concentration at flowering were measured with a Konica Minolta SPAD-502 chlorophyll meter (SPAD, Soil Plant Analysis Development; Konica Minolta Sensing Americas, Ramsey, NJ) on the fourth leaf below the apical meristem. The SPAD measurements were recorded on the same day as green leaf sampling at flowering and averaged across 10 plants within each plot. Plots were harvested four times in each growing environment and leaves were cured in a forced-air bulk curing barn. After curing, leaves were weighed to quantify yield and assigned a USDA government grade. Each government grade is associated with a numerical grade index value ranging from 1 to 100, which describes leaf maturity and ripeness (Bowman et al., 1988) as well as an associated financial value that reflects modern price indices . Fifty-gram composite cured leaf samples were also collected from each treatment for analysis of percentage total alkaloids and percentage reducing sugars using the methods outlined by Davis (1976) .
data Analysis
Analysis of variance was conducted using the PROC MIXED procedure in SAS version 9.4 (SAS Institute, Cary, NC) to test the effects of poultry feather meal source and application methods on tobacco yield, quality, SPAD measurement, and chemical constituents. Dunnett's t test was used to compare the conventional UAN treatment to each combination of organic N source and application method in the first analysis (Table 1 ). In the second analysis, the conventional UAN treatment was removed for comparison of the interaction and main effects of poultry feather meal sources and application methods (Tables 2 and 3 ). In both analyses, N source and application method were considered to be fixed effects, whereas environment and replication were considered as random effects. Treatment means were reported using least square means. Means were separated using Fisher's Protected LSD at P ≤ 0.05. Figures were created using SigmaPlot version 13.0 (Systat Software, San Jose, CA).
ReSULTS And dISCUSSIon

Leaf nitrogen Concentration Layby
Comparisons of each organic N treatment to the UAN treatment are presented for each individual growing environment due to a significant environment × treatment interaction (Table 1) . At the LCPRS 2012 environment, Nature Safe applied 50% broadcast + 50% sidedress and 100% sidedress were the only treatments that resulted in leaf N concentration that was similar to the UAN treatment (Table 4) . Alternatively, in the OTRS 2013 environment, Nature Safe applied 50% broadcast + 50% sidedress was the only treatment that significantly reduced leaf N relative to the UAN treatment (Table 4) . All organic N treatments were similar to the UAN treatment in the OTRS 2012 and LCPRS 2013 environments (Table 4) . Among all treatments, the 100% sidedress application of Nature Safe most consistently performed similar to the UAN treatment across all environments.
Significant interactions of environment × poultry feather meal source and environment × application method were documented in the combined analysis (Table 2) ; therefore, results for each main effect are reported for individual growing environments (Table 3 ). The main effect of poultry feather meal source was significant in the LCPRS 2012 environment, where Nature Safe application resulted in a higher leaf N Table 1 . Analysis of variance of tobacco (Nicotiana tabacum L.) leaf N concentration at three sampling intervals, SPAD measurements at flowering, tobacco yield, tobacco quality, total alkaloid concentration, and reducing sugar concentration resulting from organic N treatment compared with the conventional control treatment using Dunnett's Table 2 . Analysis of variance results for the effect of poultry feather meal source (S), application method (M), environment (E), and all relevant interactions on tobacco (Nicotiana tabacum L.) leaf N concentration at three sampling intervals, SPAD measurements at flowering, tobacco yield, tobacco quality, total alkaloid concentration, and reducing sugar concentration for combined analyses. concentration than Nutrimax (Table 5) . Within the same environment, application method influenced leaf N concentration, with the 50% broadcast + 50% sidedress and 100% sidedress application methods producing a higher leaf N concentration than the 100% broadcast application (Table 5 ). In the LCPRS 2013 environment, the opposite was observed, as the 100% broadcast treatment contained a higher leaf N concentration than the 50% broadcast + 50% sidedress application method (Table 5 ). The 100% sidedress application produced leaf N concentration that was similar to the other application methods in the LCPRS 2013 environment. Treatment differences were not observed in either OTRS environment for poultry feather meal source or application method (Tables 3 and 5 ). Most consistently, it was the 100% sidedress application method that produced the highest leaf N concentration within each growing environment; therefore, it is plausible that closer N proximity to the rooting zone relative to the other application methods greatly promoted N assimilation.
At Flowering
Leaf N concentration at flowering was similar when each organic N treatment was compared with the UAN treatment (Table 1) . Furthermore, there were no differences between poultry feather meal sources or application methods when data were analyzed in the absence of the UAN treatment (Table 2) . Nitrogen mineralization from poultry feather meal has been reported as negligible 6 or more weeks after application (Choi and Nelson, 1996) ; therefore, it is possible that N release was 
Dependent variable
Source ‡ Quality is assigned on a scale of 1 to 100, with 100 having the highest quality. § NS, Nature Safe (13-0-0); NM, Nutrimax (12-1-0); UAN, liquid 28% urea-ammonium nitrate. # BC, 100% broadcast applied pre-transplanting; BC+SD, 50% broadcast applied pre-transplanting + 50% sidedress applied 10 d after transplanting; SD, 100% sidedress applied 10 d after transplanting; Split, 50% sidedress applied 10 d after transplanting + 50% applied sidedress at layby (when plant height was approximately 36 cm).
greatly diminished between layby and flowering. Vann et al. (2017) reported similar findings in poultry feather application rate studies focused to flue-cured tobacco.
Cured Leaf
Broadcast applications of Nature Safe and Nutrimax as well as broadcast + sidedress applications of Nutrimax resulted in a lower cured leaf N concentration relative to the UAN treatment (Tables 1 and 6 ). All other organic N programs were similar to UAN (Tables 6 and 7 ).
In the absence of the UAN treatment, cured leaf N concentration was influenced by the main effect of application method (Table 2) . Nitrogen concentration was greatest in the 100% sidedress application treatment (1.78%) and was significantly reduced in 50% broadcast + 50% sidedress (1.73%) and 100% broadcast (1.69%) treatments, which were not different from each other (Fig. 1) . As leaf samples at layby previously suggested, cured leaf samples also suggest that 100% sidedress applications promote greater N assimilation due to close nutrient proximity to plant roots. Similar observations from Peedin (1999) indicate that cured leaf N is reduced in broadcast applications of N fertilizer when compared with sidedress applications placed at a depth of 10 to 13 cm in the soil profile. A significant environment × poultry feather meal source interaction was also observed (Table 2) ; therefore, results are reported for individual growing environments (Table 3 ). In the OTRS 2012 environment Nature Safe application produced a higher cured leaf N concentration than Nutrimax (1.78 and 1.61%, respectively) (Fig. 2) . Cured leaf N concentration was not affected by poultry feather meal source in the other growing environments (Table 2) .
SpAd Measurements at Flowering
Broadcast applications of Nature Safe and Nutrimax as well as broadcast + sidedress applications of Nutrimax resulted in lower SPAD measurements relative to the UAN treatment (Tables 1 and 5 ). All other organic N programs produced a darker leaf color that was similar to UAN (Table 5) . Despite some differences among treatments, none of the poultry feather meal treatments resulted in leaf color that was darker than the UAN treatment, which would have been indicative of lateseason N assimilation.
A significant environment × poultry feather meal application method was observed for SPAD measurements at flowering in the absence of the UAN treatment (Table 2) ; therefore, results are reported by individual growing environment (Table 3) . * Significantly different from the UAN treatment at the α = 0.05 level. † NS, Nature Safe (13-0-0); NM, Nutrimax (12-1-0); UAN, liquid 28% urea-ammonium nitrate. ‡ BC, 100% broadcast applied pre-transplanting; BC/SD, 50% broadcast applied pre-transplanting/50% sidedress applied 10 d after transplanting; SD, 100% sidedress applied 10 d after transplanting; Split, 50% sidedress applied 10 d after transplanting + 50% applied sidedress at layby (when plant height was approximately 36 cm). § Data are pooled across three growing environments.
Sidedress applications produced the highest SPAD measurements at flowering in both growing environments in 2013; however, differences were not observed in either growing environment in 2012 (Fig. 3) . In the months that preceded flowering (April-June), rainfall totals were greater in 2013 than in 2012 (Table 8) . It is therefore plausible that N applied 100% broadcast may have been leached below the rooting zone following mineralization or that root growth may have been limited due to excess soil moisture, thus making sidedress applications more efficient from a nutrient use standpoint. Both scenarios are possible due to the coarse soil texture and low cation exchange capacity of tobacco soils (Peedin, 1999) , as well as the fact that tobacco root growth is negatively affected by water-logged soil conditions (Flower, 1999; Hopkins et al., 1950) . Nitrogen source did not affect SPAD measurements (Table 2) , and it has been reported that poultry feather meal application rate has a larger effect on SPAD measurements at flowering than poultry feather meal source (Vann et al., 2017) . Regardless, it appears that both organic N sources and each application program are suitable for tobacco production due to the fact treatments were never darker in color than the UAN treatment. .65 a † Data represent three growing environments. ‡ Quality is assessed on a scale of 1-100, with 100 being of the highest quality.
§ Treatment means followed by the same letter within the same column and main effect are not significantly different at the α = 0.05 level. ¶ Broadcast, 100% broadcast applied prior to transplanting; Broadcast + Sidedress, 50% broadcast applied prior to transplanting + 50% sidedress applied 10 d after transplanting; Sidedress, 100% sidedress applied 10 d after transplanting.
Tobacco Yield and Quality
Tobacco yield was similar between each organic N program and the UAN treatment (Tables 1 and 5 ). In the absence of the UAN treatment, a significant environment × application method interaction was observed for cured leaf yield (Table 2) ; therefore, results are reported by individual growing environment (Table 3) . Tobacco yield was similar among each application method in 2012 (Table 6 ); however, yield was highest in treatments receiving the 100% sidedress application in 2013 (Table 6 ). As was referenced in the discussion of SPAD measurements, it is plausible that sidedress applications promoted N assimilation more efficiently than 100% broadcast or 50% broadcast + 50% sidedress applications in 2013 due to above average rainfall experienced early season (Table 8) as well as N placement that was in closer proximity to the root zone. Previous reports by Peedin (1999) indicate that crop yield is consistently highest across a wide range of environmental conditions when N is applied sidedress as opposed to broadcast. Leaf yield was not affected by poultry feather meal source (Tables 2 and 6 ), which reflect previous conclusions put forth by Vann et al. (2017) .
Comparisons of each organic N treatment to the UAN treatment are presented for each individual growing environment due to a significant environment × treatment interaction for cured leaf quality (Table 1 ). In the OTRS 2012 environment, leaf quality was similar to the UAN treatment when Nature Safe was applied 100% sidedress (Table 4 ). Leaf quality was reduced in all other organic N treatments, as USDA quality grades indicate that leaf color was "variegated greenish" (Table  4) . Variegated greenish color is officially described as leaf that is unripe at the time of harvest (USDA-AMS, 1982). The OTRS 2012 environment experienced the greatest late-season (July and August) precipitation total of all environments (Table 8) , so it is plausible that delayed N assimilation may have occurred in organic N treatments between flowering and at final harvest relative to the UAN treatment. In the absence of the UAN treatment, leaf quality was not affected by poultry feather meal source or application method (Tables 2 and 7) .
Cured Leaf Chemistry Total Alkaloids
Total alkaloid concentration was similar between the UAN treatment and each organic N treatment (Tables 1 and  5 ). Due to a significant environment × poultry feather meal source interaction for total alkaloid concentration, results are presented for each individual growing environment (Tables 2  and 3 ). Nature Safe (2.56%) resulted in a significantly higher total alkaloid concentration relative to Nutrimax application (2.35%) in the OTRS 2012 environment (Fig. 4) . A similar trend was observed in the LCPRS 2013 environment, with Nature Safe and Nutrimax producing 1.68 and 1.49% total alkaloid concentrations, respectively (Fig. 4) . The opposite was observed in the OTRS 2013 environment where Nature Safe and Nutrimax treatments contained 2.83 and 3.11% total alkaloids, respectively (Fig. 4) . Differences between the two sources were not observed in the LCPRS 2012 environment. Results for application method were pooled across all four growing environments (Table 2) . Among the three application methods evaluated, the 50% broadcast + 50% sidedress (2.34%) and 100% sidedress (2.39%) treatments were similar (Fig. 5) . Alternatively, treatments comprised of the 100% broadcast application method produced the lowest total alkaloid concentration (2.23%) (Fig. 5) . Total alkaloid and leaf N concentration are strongly correlated (Woltz et al., 1949; Bush, 1999) ; therefore, treatments applied sidedress would be more likely to produce the highest alkaloid concentration as they typically contained a higher cured leaf N concentration relative to 100% broadcast treatments.
Reducing Sugars
Reducing sugar concentration was increased in each organic N treatment relative to the UAN treatment when data were pooled across all growing environments (Tables 1 and 5 ). The increase in reducing sugar concentration is indicative of an earlier initiation of starch accumulation following the completion of N metabolism (Flower, 1999) .
Reducing sugar concentration was not affected by poultry feather meal source or application method when analyzed in the absence of the UAN treatment (Tables 2 and 7) . Reducing sugar concentration and total alkaloid concentration are inversely related (Flower, 1999) ; however, this inverse trend may not consistently be expressed when differences among total alkaloid concentrations are minimal. For example, Drake et al. (2015) reported differences in total alkaloid concentration that ranged from 2.41 to 2.95% in five North Carolina environments, and in only one of those environments did reducing sugar concentrations differ among the treatments evaluated. Among the different alkaloid concentrations observed in this study, differences among treatments were not greater than 0.28%, which was not enough to impact reducing sugar concentration.
ConCLUSIonS
Application of the Nature Safe source of organic poultry feather meal most consistently resulted in physical and chemical leaf characteristics that were similar to the conventional UAN treatment, specifically when applied 100% sidedress. This application program did not improve leaf yield relative to other programs; however, it resulted in cured leaf quality that was similar to UAN in the growing environment with the highest late-season precipitation and N assimilation. In the absence of the conventional treatment, it also appears that the Nature Safe source is slightly superior to the Nutrimax source. Consistent trends are difficult to establish; however, the application of Nature Safe more commonly resulted in a higher leaf N concentration at layby and after curing as well as higher total alkaloid concentration when significant differences were reported between the two poultry feather sources. The 100% sidedress application method was generally superior to the 100% broadcast and 50% broadcast + 50% sidedress treatments-specifically in 2013 when early to midseason precipitation was in excess. Producers are encouraged to utilize the 100% sidedress application method as means to provide some level of insurance against excess rainfall. Furthermore, the physical properties of Nature Safe are likely to be more compatible with this application program relative to Nutrimax, which has been reported to coagulate within fertilizer distributing equipment absent of agitation.
